Synaptotagmin, an abundant calciumand phospholipidbinding protein of synaptic vesicles, has been proposed to regulate neurotransmitter release at the nerve terminal. To understand better the biochemical mechanism of neurotransmitter release, we have investigated the calcium-dependent and -independent protein-protein interactions between synaptotagmin I and syntaxin 1 a, a subunit of the receptor for synaptic vesicles on the presynaptic plasma membrane. Soluble syntaxin la binds to synaptotagmin glutathione S-transferase (GST) fusion protein, and the binding was decreased in the presence of calcium. A synaptotagmin fragment containing the second C2 repeat (Syt3-5) had the same binding profile as the whole cytoplasmic domain; however, fragments containing the first C2 repeat (Sytl-3 and Syt2-3) showed calciumdependent binding to syntaxin. In addition, the soluble fulllength cytoplasmic domain of synaptotagmin binds to a syntaxin GST fusion protein in a calcium-dependent manner. Syntaxin domains required for calcium-dependent and -independent synaptotagmin-binding were localized using syntaxin deletion mutants. Amino acids 241-266 of the syntaxin C terminus were required for calcium-independent binding of synaptotagmin. The minimal domain required for calcium-dependent binding of synaptotagmin to syntaxin was localized to amino acids 220-266. The syntaxin domains required for synaptotagmin binding overlap with the domains for vesicle-associated membrane protein (or VAMP) and cw-soluble A/-ethyl-maleimide-sensitive fusion protein attachment protein (or &NAP) interactions. The data suggest both calcium-dependent and -independent roles of synaptotagmin in regulating synaptic vesicle release and/or recycling.
Synaptotagmin, an abundant calciumand phospholipidbinding protein of synaptic vesicles, has been proposed to regulate neurotransmitter release at the nerve terminal. To understand better the biochemical mechanism of neurotransmitter release, we have investigated the calcium-dependent and -independent protein-protein interactions between synaptotagmin I and syntaxin 1 a, a subunit of the receptor for synaptic vesicles on the presynaptic plasma membrane. Soluble syntaxin la binds to synaptotagmin glutathione S-transferase (GST) fusion protein, and the binding was decreased in the presence of calcium. A synaptotagmin fragment containing the second C2 repeat (Syt3-5) had the same binding profile as the whole cytoplasmic domain; however, fragments containing the first C2 repeat (Sytl-3 and Syt2-3) showed calciumdependent binding to syntaxin. In addition, the soluble fulllength cytoplasmic domain of synaptotagmin binds to a syntaxin GST fusion protein in a calcium-dependent manner. Syntaxin domains required for calcium-dependent and -independent synaptotagmin-binding were localized using syntaxin deletion mutants. Amino acids 241-266 of the syntaxin C terminus were required for calcium-independent binding of synaptotagmin. The minimal domain required for calcium-dependent binding of synaptotagmin to syntaxin was localized to amino acids 220-266. The syntaxin domains required for synaptotagmin binding overlap with the domains for vesicle-associated membrane protein (or VAMP) and cw-soluble A/-ethyl-maleimide-sensitive fusion protein attachment protein (or &NAP) interactions. The data suggest both calcium-dependent and -independent roles of synaptotagmin in regulating synaptic vesicle release and/or recycling.
Key words: synaprotagmin; syntaxin; &NAP; VAMP; calcium; synaptic vesicle
The regulated release of neurotransmitters is governed by an intricate pathway of synaptic vesicle membrane trafficking within the presynaptic nerve terminal. Although a general outline of the membrane flow within the terminal has been understood for many years, the biochemical mechanisms underlying this vesicular trafficking pathway are just beginning to emerge (for review, see Bennett and Scheller, 1994; Scheller, 1995; Siidhof, 1995) . Beginning with the characterization of proteins localized to the synaptic vesicles and presynaptic plasma membrane, a series of proteinprotein interactions has been proposed to account for vesicle docking, activation, and membrane fusion (Matthew et al., 1981; Oyler et al., 1989; Bennett et al., 1992; Inoue and Akagawa, 1992; Wilson et al., 1992; Siillner et al., 1993b; Pevsner et al., 1994; Sogaard et al., 1994) . Two proteins on the synaptic vesicle, vesicleassociated membrane protein (VAMP; also called synaptobrevin) and synaptotagmin, have been shown to form a complex with two proteins on the plasma membrane, synaptosome-associated protein (SNAP-25) and syntaxin (Bennett et al., 1992; Sallner et al., 1993a) . This 7s heterotetrameric complex is likely to represent one of the docked states of the vesicles containing neurotransmitter at the plasma membrane. After docking, the action of &NAP [a-soluble N-ethyl-maleimide-sensitive fusion protein (NSF) attachment protein] and NSF (N-ethyl-maleimide-sensitive factor) Recei ved Oct. 18, 1995; revised Dec. 18, 1995; accepted Dec. 27, 1995 is proposed to be critical for activation and final release of neurotransmitter (Siillner et al., 1993b ). Many of the molecules important for neurotransmitter release are similar to constitutive vesicle trafficking proteins, which have been found to function at other stages of the secretory pathway. Despite this similarity, the nervous system requires a specialized set of regulatory requirements so that transmitter release can precisely follow the action potential. In a very general sense, this regulation is achieved through the priming of vesicles that are docked at the plasma membrane ready to be secreted. As the action potential depolarizes the nerve terminal membrane, a specific set of ion channels allows the influx of calcium ions, which triggers membrane fusion and neurotransmitter secretion. The mechanisms that govern the calcium triggering of membrane fusion are not yet known, and the molecules involved in this process are a matter of current debate and investigation.
One of the most intensively studied proteins in the presynaptic nerve terminal is the synaptic vesicle protein synaptotagmin I. This molecule is a 65 kDa integral membrane protein with a glycosylated amino terminus that is inside the vesicle (Tugal et al., 1991) . Synaptotagmin contains two cytoplasmic domains similar to the C2 region of protein kinase C (PKC) (Perin et al., 1990 (Perin et al., , 1991a Wendland et al., 1991; Davletov and Siidhof, 1993) . C2 domains are thought to mediate calcium and lipid regulation of PKC and, therefore, may mediate the calcium-dependent process of synaptotagmin as well (Nishizuka, 1988; Lee and Bell, 1991) . Whereas synaptotagmin I is abundantly expressed in the nervous system, many members of the synaptotagmin family are expressed broadly throughout other non-neural tissues (Geppert et al., 1991; Wendland et al., 1991; Hilbush and Morgan, 1994; Mizuta et al., 1994; Ullrich et al., 1994; Li et al., 1995) , and the precise function , March 15, 1996 March 15, , 76(6):1975 March 15, -1981 Kee and Scheller l Synaptotagmin-Binding Domains of Syntaxin of synaptotagmin is not yet fully appreciated. Microinjection and genetic studies suggest a role in regulating synaptic transmission, either by stabilizing the docked state of vesicles or as a calcium sensor for the rapid release of neurotransmitter (Brose et al., 1992; Bommert et al., 1993; Elferink et al., 1993; DiAntonio and Schwarz, 1994; Geppert et al., 1994; Littleton et al., 1994) . The association of synaptotagmin with the clathrin adaptor protein AP-2 suggests a role for synaptotagmin in recycling synaptic vesicle membrane and proteins (Zhang et al., 1994) .
Recent studies have shown that synaptotagmin directly binds to syntaxin, a component of the receptor for the synaptic vesicle on the plasma membrane (Bennett et al., 1992) . This binding is calcium-dependent, and the different members of the synaptocagmin family require different calcium concentrations to promote the binding (Li et al., 1995) . It has been suggested that the binding of synaptotagmin I to syntaxin has a calcium dependence in the appropriate range to regulate neurotransmitter release. To understand better the interaction between synaptotagmin and syntaxin, we have studied the in vitro interactions using recombinant proteins. We have defined the binding sites of synaptotagmin on syntaxin. The data demonstrate that the calcium-dependent synaptotagmin-binding site overlaps the &NAP-and VAMPbinding sites on the third helix of syntaxin (Kee et al., 1995 Construction of syntaxin IA 20 and 21 deletion mutants. Recombinant plasmids encoding glutathione S-transferase (GST) linked by a thrombincleavage sequence to syntaxin la fragments 20 (amino acids 220-266) and 21 (amino acids 240-266) (Fig. 6 ) were constructed by cloning restriction enzyme-digested fragments of syntaxin after PCR into the expression vector pGEX-KG (Guan and Dixon, 1991). Pfu DNA polymerase was used for PCR. The recombinant plasmids were transformed into the AB1899 strain of Escherichia coli, and fusion proteins were expressed.
Purification offusionproteins. The bacteria1 cells expressing GST fusion proteins of syntaxin la and synaptotagmin I were cultured in Superbroth (3.2% bactotrypton, 2% yeast extract, and 85.6 mM NaCI, pH-adjusted to 7.0 with NaOH) with 100 &ml ampicillin, and induced with 100 or 200 PM isopropyl-P-D-thiogalactopyranoside (or IPTG) for 5 hr. The cells were harvested, suspended in PBS containing 0.05% (v/v) Tween 20, 2 rnM EDTA, 0.1% 2-mercaptoethanol, and 1 IIIM phenylmethylsulfonylfluoride (PMSF), and lysed by two passages through a French press. Cellular debris was removed by centrifugation at 10,000 X g for 10 min, and fusion protein was recovered from the supernatant by binding of the GST domain to glutathione-agarose beads equilibrated with PBST (PBS and 0.05% Tween 20) for 1 hr at 4°C. The beads were washed four times with PBST, and their bound protein was used for assays either immobilized on the GST beads or as a soluble protein after thrombin cleavage. Thrombin cleavage was carried out at room temperature for 1 hr in 20 mM HEPESIKOH, pH 7.4, 150 mM KCI, and 1 mM CaCl,, and the reaction was stopped by two trcatmcnts with 0.5 yl of 1 M PMSF at room temperature for 5 min each. The protein solution was centrifuged, and the supernatant was collected for in vitro binding assay. Protein concentrations were estimated by Coomassie blue staining of bands after SDS-PAGE using bovine serum albumin as a standard. Figure I . Calcium-dependent and -independent syntaxin binding to synaptotagmin I. A schematic diagram of synaptotagmin I is illustrated, and the domains used in the constructs for this study are illustrated below (1-5). The location of the transmembrane domain (TM) and the location of two cytoplasmic repeats homologous to the C2 regulatory domain of PKC @'KC-A and PKC-B) are indicated. The cytoplasmic fragments encompassing synaptotagmin (Sytl-5, Sytl-3, Syt2-3, and Syt3-5) were generated by expression in bacteria as GST fusion proteins and immobilized onto glutathione-agarose beads. Soluble whole cytoplasmic protein of Synlall was tested for binding in the presence of 1 mM EGTA (-) or 1 mM calcium (+). GST beads were used as a control for nonspecific binding.
In vitro binding assay. Typical binding reactions consisted of 0.3-2 PM GST fusion proteins bound to glutathione-agarose beads and various amounts of soluble recombinant proteins in a total volume of 50 ~1 in 20 mM HEPES/KOH, pH 7.4, 150 KIM KCl, 0.05% Tween 20, 0.1% (w/v) gelatin, and 5 yl of 50% (v/v) GST fusion protein on glutathione-agarose beads, and were incubated at 4°C for 1 hr. The levels of GST fusion proteins were monitored by Ponceau staining after binding reactions and transfer to nitrocellulose membrane.
For calcium-dependent and -independent binding reactions, 0.3 PM synaptotagmin fragments were immobilized on glutathione-agarose beads, and 2 pM soluble cytoplasmic domain of syntaxin was added in standard binding reaction conditions. EGTA (2 mM) was used to remove free calcium in solution, and 1 mM CaCl, was used for calcium-dependent binding reactions. The bound syntaxin was visualized by ECL and quantitated by densitometry. In Figure 1 , the pixel values for bound syntaxin to synaptotagmin fragments were 277 and 64 for Sytl-5, 0 and 262 for Sytl3,O and 257 for Syt2-3,253 and 67 for Syt3-5, and 0 and 0 for GST (from left to right).
Calcium specificity was demonstrated by substituting divalent cations, 1 mM Cat&, 1 mM BaCl,, 1 mM SrCI,, and 2 mM MgCl,, and 2 ITIM EGTA was used for calcium-free reactions. In Figure 2A , the pixel values for bound syntaxin to synaptotagmin fragments were as follows: 275, 158, 192, 185, 20, 121, 27, 19, 26, 232, 30, 28, 332, 129, 242, 165, and 4, 4, 4, 21 , and 17 for GST (from left to right). Calcium concentrations for binding of syntaxin to immobilized synaptotagmin fragments were titrated at 2 mM EGTA, and 0, 1, 10,50,100,200,400,600,1000 PM CaCl,. In Figure 2B , the pixel values were as follows: 522, 391, 341, 310, 291, 281, 135, 237, 40, 40, 40, 40, 53, 67, 117, 160, 153, 40, 40, 40, 40, 40, 47, 55, 61, 120, and Another calcium-dependent reaction contained 0.3 KM of the whole cytoplasmic domain of syntaxin, which was immobilized onto glutathioneagarose beads, and 2 pM soluble whole cytoplasmic fragment of synaptotagmin was added for in vitro binding reaction. In Figure 3A , the pixel values of bound synaptotagmin were as follows: 83, 366, 81, 84, and 44 for Synlall; and 46, 25, 52, 23, 20 , and 20 for GST (from left to right). In Figure 3B , the pixel values were as follows: 14, 5, 5, 5, 22, 137, 185, 204 , and 385 for Synlall; and all 5 for GST (from left to right).
For localization of the synaptotagmin-binding domain on syntaxin, first 1 pM of a synaptotagmin fragment containing the first C2 repeat, Syt2-3, was immobilized onto glutathione-agarose beads, and soluble syntaxin mutant proteins were added in the presence of 5 mM EGTA or 1 mM CaCl,. Protein concentrations of syntaxin lAl1, lA17, and lA13 for calcium-dependent and -independent protein-protein interactions were titrated in the typical binding assay conditions with synaptotagmin fragments immobilized on beads. In Figure 4 , the pixel values of syntaxin mutant bands were as follows: 20 and 20 for lA6; 20 and 30 for lA13; 20 J. Neurosci., March 15, 1996 , 76(6):1975 -1981 1977 EGTA Ca2+ Ba2+ Sr2+ Mg2+ '.
Ca2+ ( Binding reactions were performed in the presence of 2 mM EGTA or 0, IO, 50,100,200,400,600, or 1000 pM CaCl,.
and 284 for lA17; and 63 and 474 for 1All (from lefr to right). In Figure  5 , the pixel values of bound Synlall were as follows: 0, 21, 49, 136, 215, 7, 8, 16, 49, 0, 0, 1, 14, 17, 7, 33, 61, 136, 0, 0, 0, 17, 34, 10, 50, 136, 266, 0, 34, 86, 155, 257, 0, 5, 14, 110 (SynlA) protein is illustrated. The locations of three regions predicted to be in a-helical conformation (HI, H2, and H3) and the membrane-anchoring region (black box of C-terminal region) are indicated. The extents of the deletion constructs are illustrated and numbered according to Bennett et al. (1992) . Binding of soluble syntaxin fragments (lA6, lA13, lA17, and IAll) to synaptotagmin fragment 2-3 (Syt 2-3) containing the first C2 repeat on the beads is illustrated. Binding was compared in the presence of 2 mM EGTA (-) or 1 mM Cd+ (+). . and 30 for Svt2-3: and all 0 for Svt3-5 and GST. Second, the calcium-dependent synaptotagmin-binding domain on syntaxin was determined using more C-terminal deletion mutants of syntaxin. GST fusion proteins (0.3-l pM) of syntaxin mutants were immobilized onto glutathione-agarose beads, and 2 pM soluble whole cytoplasmic fragment of synaptotagmin was added in the presence of 1 mM CaCl,. The pixel values of bound synaptotagmin were 171, 145, 182, 727,511,584, and 21 (from top to bottom).
SDS-PAGE and Western blotting
SDS-PAGE was performed by the method of Laemmli (1970) . The-stacking gel (10 X-90 X 0.75 mm') contained 4.8% acrvlamide and 0.2% bisacrvlamide, and resolving gel (55 x 90 x 0.75 mm") contained 12.5 or 10% &ylamide and 0.2% Ibsac&l-amide. Proteins resolved by SDS-PAGE were electrophoretically transferred to nitrocellulose paper in 384 mM glycine, 50 mM Tris base, and 20% methanol at 55 V for 48 min at 4°C (Towbin et al., 1979) . The nitrocellulose filters were incubated with blocking buffer [50 mM Trisbase, pH 8.0, 150 mM NaCl, 5% (w/v) dried nonfat milk powder, and 0.1% Tween 201 for 20 min and then transferred to blocking buffer probed with the following antibodies for 2 hr at room temperature or overnight at 4°C: HPC-1, a monoclonal antibody specific for syntaxin la (1:3000; Inoue et al., 1992), affinity-purified anti-synaptotagmin polyclonal antiserum (1: 5000), and anti-&NAP antiserum (1:5000; Kee et al., 1995). The blots 
RESULTS
Calcium-dependent and -independent syntaxin binding to synaptotagmin To determine the functional roles and calcium-binding properties of the synaptic vesicle protein synaptotagmin I, calciumdependent and -independent protein-protein interactions between synaptotagmin I and syntaxin la were investigated. Bacterially expressed GST fusion proteins of the synaptotagmin fulllength cytoplasmic domain and deletion fragments were immobilized onto glutathione-agarose beads. The whole cytoplasmic domain of syntaxin la was prepared by expression in bacteria as a GST fusion protein, followed by purification by glutathioneagarose chromatography and thrombin cleavage. The soluble syntaxin protein was tested for binding to synaptotagmin fragments in the presence or absence of calcium as described in Materials and Methods. As shown in Figure 1 , the syntaxin bound to the fulllength cytoplasmic fragment of synaptotagmin, Sytl-5 (amino acids 96-421), in the absence of calcium, and the level of binding was significantly reduced in the presence of calcium. Furthermore, the C-terminal region of synaptotagmin containing the second C2 repeat, PKC-B (Syt3-5; amino acids 24%421), showed the same binding properties as the full-length cytoplasmic protein. On the contrary, binding of syntaxin to the N-terminal fragments of synaptotagmin containing the first C2 repeat (PKC-A), Sytl3 (amino acids 96-265), and Syt2-3 (amino acids 130-265), was calcium-dependent. The divalent cation selectivity for the interaction of syntaxin and synaptotagmin was evaluated using 2 mM EGTA, 1 mM CaCl,, 1 mM BaCI,, 1 mM SrCl,, and 2 mM MgCl, (Fig. 24) . A calciumdependent decrease of the binding of soluble syntaxin to the full-length cytoplasmic fragment of synaptotagmin (Sytl-5) or the C-terminal fragment containing the second C2 repeat (Syt3-5) was consistently detected. The presence of barium, strontium, or magnesium in the reaction had relatively little effect on the binding compared with calcium ion at the same concentration. The binding of soluble syntaxin to the first C2-containing fragments (Sytl3 or Syt2-3) was strictly dependent on calcium and not affected by other ions.
The calcium concentrations required for protein-protein interactions between syntaxin and synaptotagmin were investigated (Fig. 2.B) . The decrease in binding of Sytl-5 and Syt3-5 occurred at relatively low concentrations of calcium, even at 1 PM CaCl,. In contrast, the binding of Sytl-3 and Syt2-3 was only enhanced at calcium concentration above 100 PM.
The soluble synaptotagmin cytoplasmic fragment (Sytl-5) was prepared as described in Materials and Methods. GST fusion protein encompassing the entire cytoplasmic domain of syntaxin was immobilized on the glutathione-agarose beads. As shown in Figure 3 , binding of soluble synaptotagmin was calciumdependent, and barium, strontium, and magnesium were not effective in promoting this binding. Calcium titration revealed that the binding initiated at -100 PM calcium. The binding of synaptotagmin to syntaxin was significantly increased at 1 mM CaCI,, demonstrating that the half-maximal binding occurs at >.500 FM CaCl,.
. Synaptotagmln-Bindlng Domalns of SyntaxIn J. Neurosci., March 15, 1996 March 15, , 76(6):1975 March 15, -1981 March 15, 1979 Figure 6 . The calcium-dependent synaptotagmin-binding region on the syntaxin defined by deletion mutants of syntaxin. A schematic diagram of the synL4 protein is illustrated. Soluble synaptotagmin protein containing the whole cytoplasmic domain was assayed for binding to syntaxin deletion constructs on beads in the presence of 1 mM Cu'+. Under these conditions, no binding was observed in the presence of EGTA.
Localization of calcium-dependent and -independent synaptotagmin-binding domains on syntaxin
The syntaxin domains required for binding of many components of the secretory apparatus are known (Chapman et al., 1994; Kee et al., 1995) . A predicted helical domain of syntaxin (H3 domain in Fig. 4 ) that may interact with other proteins through the coiled-coil motif was required for binding of SNAP-25 &NAP, VAMP, and n-secl. To test the importance of this region in syntaxin-synaptotagmin interaction, a series of deletion mutants in the third helical domain (H3) was constructed. A synaptotagmin fragment containing the first C2 repeat (Syt2-3) was immobilized onto the glutathione-agarose beads, and soluble syntaxin deletion mutants were tested for binding in the absence and presence of calcium (Fig. 4) . The bound proteins were detected by HPC-1, syntaxin la monoclonal antibody. The full-length cytoplasmic domain of syntaxin, lAl1, showed calcium-dependent binding to synaptotagmin, as did the C-terminal deletion mutant lA17. However, more C-terminal deletions of syntaxin (lA13 and lA6) showed little or no calcium-dependent binding. These data indicate that a critical domain required for calcium-dependent binding of synaptotagmin is amino acids 222-240 of H3 of syntaxin.
The protein concentrations for calcium-dependent proteinprotein interactions between these syntaxin deletion mutants and synaptotagmin fragments were titrated in the absence or presence of 1 mM calcium (Fig. 5) . The soluble syntaxin deletion mutants were tested for their ability to bind to the various GST fusion constructs of synaptotagmin on the beads. The full-length cytoplasmic domain of syntaxin (Synlall) consistently showed a calcium-dependent decrease of binding to Sytl-5 and Syt3-5, and calcium-dependent binding to Sytl3 and Syt2-3 at each of the different protein concentrations. However, C-terminal-deleted syntaxin lA17 (Synla17) did not bind to the full-length cytoplasmic domain of synaptotagmin in the absence or presence of calcium, but bound to Sytl3 and Syt2-3 only in the presence of calcium. This calcium-dependent binding of Synla17 also showed approximately three-to fourfold lower affinity than the binding of full-length syntaxin. Further deletion of the H3 domain, syntaxin lA13, showed only very little calcium-dependent binding to Sytl-3 and Syt2-3. These data demonstrate that the C-terminal cytoplasmic region of the predicted helical domain of syntaxin (amino acids 241-266) is required for both calcium-independent and calcium-dependent binding to synaptotagmin.
Syntaxin N-terminal deletion mutants were prepared as GST fusion proteins, attached to glutathione beads, and analyzed for calcium-dependent binding of soluble full-length cytoplasmic synaptotagmin, Sytl-5 (Fig. 6) . Deletion of N-terminal amino acids 1-219 and C-terminal amino acids 267-288 (transmembrane domain) in syntaxin did not affect the calcium-dependent synaptotagmin-binding activity. Deletion of amino acids 220-239 in syntaxin resulted in abolishment of calcium-dependent synaptotagmin-binding activity, indicating that this small region is required for the calcium-dependent protein-protein interactions with synaptotagmin. These data confirm the calcium-dependent synaptotagmin-binding region of syntaxin shown by C-terminal deletion mutant study and define the calcium-dependent binding region with high affinity as amino acids 220-266 (Fig. 4) .
DISCUSSION
In this study we have investigated the protein-protein interactions of synaptotagmin and syntaxin, two critical components of the synaptic transmission machinery. Some of the protein-protein interactions were dependent on which component of the binding reaction was immobilized onto glutathione-agarose beads as a GST fusion protein. For example, when the full-length cytoplasmic domain of synaptotagmin was immobilized to the bead, the binding of the soluble syntaxin full-length cytoplasmic domain was calcium-independent, and even reduced in efficiency in the presence of calcium. In contrast, when syntaxin was immobilized on the bead, the binding of the soluble full-length cytoplasmic domain of synaptotagmin was calcium-dependent. These data may be attributable to different protein conformations that could be favored in a conformationally restrained immobilized state. Alternatively, when the first C2 domain is closer to the immobilization matrix than the second C2 domain, as is the case in the GST fusion protein of the Sytl-5 construct, steric hindrance may result in a dominance of the second C2 domain. The data highlight the necessity to investigate protein-protein interactions with components in both the immobilized and the soluble states for general conclusions to be made. It is also possible that multiple conformations of the synaptotagmin protein exist and that different states are favored in the immobilized and soluble forms. Physiological regulation, possibly via phosphorylation or lipid binding, may interconvert these conformations.
All of the data are consistent with the calcium-dependent binding of syntaxin to the first C2 domain of synaptotagmin. Although we were not able to define precisely the calcium concentration necessary for half-maximal binding, it is likely to be in the several hundred micromolar range. This binding was specific for calcium ions and is either not supported or requires higher concentrations of other ions including barium, strontium, or magnesium. These properties are similar to those thought to be necessary for the physiological release of neurotransmitter.
Syntaxin la is a component of the receptor for synaptic vesicles on the plasma membrane and is known to interact with many of the critical proteins involved in neurotransmitter release. Here we demonstrated that amino acids 220-266 of syntaxin are sufficient for the calcium-dependent binding of synaptotagmin. These data arc consistent with the previous observation that as c&NAP is added to the complex of VAMP, SNAP-25, syntaxin, and synaptotagmin, synaptotagmin is displaced by &NAP (Siillner et al., 1993a) . Synaptotagmin does not bind to VAMP or SNAP-25 (data not shown) and, therefore, these data suggest that &NAP and synaptotagmin may occupy the same or overlapping binding sites on syntaxin within the docking complex.
What might be the physiological consequence of the calciumdependent binding of synaptotagmin to the H3 domain of syntaxin? If one assumes that the calcium-regulated binding is, in fact, a physiologically important event, there are several possibilities for the function of this interaction. Perhaps the most exciting possibility is that calcium influx promotes the binding of synaptotagmin and syntaxin, and that this interaction lcads to mcmbranc fusion and ncurotransmittcr rclcasc. At this time it is difficult to understand mechanically how this rcgulatcd binding would hc the final step in secretion. It is also unlikely that the binding would occur rapidly enough to fit the time rcquircmcnts of synaptic transmission. It may be the case that vesicle docking is rcgulatcd by calcium in part through the binding of synaptotagmin to syntaxin. Perhaps an initial influx of calcium would promote the binding of synaptotagmin and syntaxin, mediated through the first C2 domain of synaptotagmin. Then, a second calcium signal could result in dissociation of synaptotagmin from the syntaxin complex, perhaps, mcdiatcd through the second C2 domain. The dissociation would then allow the interaction of &NAP with the syntaxin complex and the progression through the biochemical pathway leading to secretion. Alternately, synaptotagmin might associate with syntaxin after dissociation of the &NAP-and NSFcontaining 20s particle acting as a break in the fusion process (Siidhof, 1995) . In this situation, perhaps calcium-triggered dissociation would lead to membrane fusion.
Because synaptotagmin is known to associate with the clathrin adaptor protein AP-2, and is likely to be important for the endocytotic process, calcium may play a role in this stage of the vesicle-trafficking pathway in an as yet unknown way (Zhang et al., 1994) . Altcrnativcly, thcrc is little direct evidence that the C2 domain interaction with calcium is critical for the synaptic vesicle life cycle. The presence of many synaptotagmins in cells that arc not known to have calcium-depcndcnt mechanisms of secretion or recycling supports the idea that the synaptotagmins play a role in constitutive vesicle trafficking. Thus, although our appreciation of the mechanisms of synaptic transmission has advanced greatly in the last several years, further study is needed to understand the biochemical mechanisms that govern this process. 
